To determine whether chronic hypoxemia secondary to an intracardiac right-to-left shunt alters regulation of the myocardial 63-adrenergic receptor/adenylate cyclase system, we produced chronic hypoxemia in nine newborn lambs by creating right ventricular outflow obstruction and an atrial septal defect. Oxygen saturation was reduced to 65-74% for 2 wk. Eight lambs served as normoxemic controls. 13-receptor density (B.) and ligand affinity (KD) were determined with the radioligand '2"5iiodocyanopindolol and adenylate cyclase activity determined during stimulation with isoproterenol, sodium fluoride (NaF), and forskolin. During chronic hypoxemia, B.. decreased 45% (hypoxemic, 180.6±31.5 vs. control, 330.5±60.1 fmol/mg) in the left ventricle (exposed to hypoxemia alone) but was unchanged in the right ventricle (exposed to hypoxemia and pressure overload). KD was not different from control in either ventricle. Left ventricular isoproterenolstimulated adenylate cyclase activity was decreased by 39% (30.0±4.3% increase vs. 44.1±9.5% increase) whereas right ventricular adenylate cyclase activity was unchanged. Stimulation of adenylate cyclase with NaF or forskolin was not different from control in either ventricle. Circulating epinephrine was increased fourfold whereas circulating and myocardial norepinephrine were unchanged. These data demonstrate a downregulation of the left ventricular ,6-adrenergic receptor/adenylate cyclase system during chronic hypoxernia secondary to an intracardiac right-to-left shunt. (J. Clin. Invest. 1990. 85:68-74.) cyanotic heart disease -hypoxemia* myocardial fl-adrenergic receptor regulation
Introduction
The sympathetic nervous system plays a major role in the cardiovascular adaptations to both acute and chronic hypoxemia. During acute hypoxemia, sympathetic stimulation increases heart rate and cardiac output and thus serves to maintain systemic oxygen delivery (1, 2) . During chronic hypoxemia, such as occurs in infants and children with cyanotic congenital heart disease, additional compensations, such as polycythemia, allow cardiac output to return to normal. There is, however, evidence to suggest that the increase in sympathetic tone persists (3) (4) (5) . Thus, when hypoxemia is prolonged, the benefits of increased sympathetic stimulation may be outweighed by its deleterious cellular, metabolic, and circulatory effects (2, (6) (7) (8) . One potential cellular-level consequence of chronic sympathetic stimulation is a down-regulation of the ,B-adrenergic receptor/adenylate cyclase system, as occurs in patients with heart failure secondary to cardiomyopathy (9, 10) . If present during chronic hypoxemia, this down-regulation could contribute to the decrease in myocardial performance and reserve that has been demonstrated in patients with cyanotic congenital heart disease (1 1, 12) .
Previous studies of,B-adrenergic receptor/adenylate cyclase regulation during chronic hypoxemia have been limited to models of chronic alveolar hypoxemia (13) (14) (15) . These data, simulating high-altitude exposure, may fail to account for the additional hemodynamic derangements which occur in conjunction with chronic hypoxemia in infants and children with cyanotic congenital heart defects (16) . The importance of choosing a model of chronic hypoxemia relevant to this specific clinical state is demonstrated by the divergent findings of 3-receptor down-regulation in heart failure secondary to cardiomyopathy (9, 10) vs. up-regulation in heart failure secondary to pressure overload hypertrophy (17) . Previous studies have also failed to examine the differential effects of hypoxemia and structural heart defects on 1-receptor regulation in both the left and right ventricles and have not correlated alterations in 13-receptor density with simultaneous measurements of sympathetic activity. Furthermore, all previous studies have used adult models, and thus have not accounted for developmental differences in cardiopulmonary and sympathetic nervous system function in the newborn which might alter the cellular response to hypoxemia (18) (19) (20) (4, 21) or in thyroid hormone (22, 23 After the lambs recovered for three days, hypoxemia was produced by gradually inflating the pulmonary arterial occluder balloon with saline, which partially obstructed the right ventricular outflow tract and induced atrial right-to-left shunting. The details of this gradual inflation procedure have been described previously (3) . By adjusting the degree of balloon inflation, aortic oxygen saturation (measured by an OSM3 hemoximeter, Radiometer, Copenhagen) was decreased to 65-74% and was maintained at this level for 2 wk. Eight additional lambs also underwent thoracotomies and catheter placement but did not have atrial septostomies or balloon occluder placement and served as normoxemic controls. The control lambs were housed and fed in a manner identical to that of the hypoxemic lambs. Although the lambs were not pair-fed, we have previously shown that oral intake is the same in chronically hypoxemic and control lambs (24) .
At the end of the study the lambs were killed with intravenous pentobarbital (90 mg/kg) and the hearts were immediately removed. The heart was separated into right and left ventricular free walls, septum, and atria, and each part was weighed. Because of the wide variability in the sizes of the lambs, right and left ventricular free wall weights were normalized by dividing by total body weight. Right ventricular free wall to left ventricular free wall weight ratios were also calculated.
fl-Adrenergic receptor assay. Samples of myocardium were taken from the mid right and left ventricular free walls. Thin layers (approximately 1 mm) of epicardium and endocardium were dissected free and discarded and the tissue samples frozen at -70°C. fl-adrenergic receptor density was determined utilizing [1251] iodocyanopindolol (ICYP)' (10) . Approximately 150 mg of each tissue sample was placed in icecold buffer (10 mM Tris base, I mM EGTA) and homogenized with a Polytron (Brinkmann Instruments Co., Westbury, NY). 1 ml of 2.5 M KCI was added to the homogenate, which was stirred at 4°C for 15 min. Another 1.0 ml Tris-EGTA buffer was added and the sample was centrifuged at 50,000 g for 15 min at 4°C to pellet the sarcolemmal membrane. This pellet was resuspended in 6.0 ml buffer (20 mM Tris base, 150 mM NaCI) and washed three times in this manner. The final pellet was suspended in 5.7 ml of buffer and homogenized thoroughly before being filtered through four layers of gauze. Additional buffer 1. Abbreviations used in this paper: ICYP, iodocyanopindolol.
was poured through the gauze to rinse it, bringing the final homogenate to a concentration of 7.5-10 mg of tissue per milliliter.
The assays were performed in triplicate by incubating 300 IAI of sarcolemmal homogenate with increasing concentrations (6.25-450 pM) of ICYP (specific activity 2,200 Ci/mmol, New England Nuclear, Boston, MA). Nonspecific binding was determined by the addition of 10-6 M L-propranolol to one set of assay tubes. This concentration of propranolol was chosen based on competition binding studies with varying concentrations of propranolol to avoid binding to specific nonreceptor or nonspecific sites at higher concentrations (25, 26). The assay was then incubated for 2 h at 370C, quickly vacuumfiltered through l-,gm GF/C glass-fiber filters (Gelman Sciences, Inc., Ann Arbor, MI) in an M-24R cell harvester (Brandel, Gaithersburg, MD) and rinsed four times with 5.0 ml of 20 mM Tris/150 mM NaCl buffer. When the filters were dry they were placed in plastic tubes for counting in a gamma counter (United Technologies Packard, Downers Grove, IL). The remaining homogenate was frozen at -70'C for protein analysis by the method of Lowry et al. (27) To determine that the observed change in receptor density was not an artifactual one secondary to alterations in membrane protein content, the activity of plasma membrane-associated 5'-nucleotidase was determined by the method ofArkesteijn (29, 30) . 5'-nucleotidase activity was assayed utilizing a coupled reaction and determining the rate of formation of NAD+ from NADH by measuring the change in absorbance at 340 Mm.
fi-Adrenergic receptor agonist binding. Agonist competition for ICYP was performed according to the method of Vatner et al. (17) . Membranes were initially washed in magnesium-free buffer (100 mM Tris, 10 mM EDTA, pH 7.2) and centrifuged at 45,000 g for 15 min. The pellet was then resuspended in magnesium-containing buffer (100 mM Tris, 5 mM MgCI2, 1 mM EDTA, pH 7.2) and incubated with 100 pM ICYP and 16 concentrations of isoproterenol (10-4 to 10-9 M) prepared in 0.1 mM ascorbic acid, both in the presence and absence of 0.1 mM Gpp(NH)p. Agonist competition curves were fitted to both one-and two-site models utilizing a microcomputer-based modification ofthe program "Ligand" (Biosoft, Cambridge, UK) and the quality of the fits compared by F test.
Adenylate cyclase activity. Catecholamine and maximally stimulated adenylate cyclase activities were determined by a modification of the method of Salomon et al. (9, 31 
Results
General There was no difference in age at sacrifice between the nine hypoxemic and eight control lambs (Table I ). The hypoxemic lambs weighed less than the controls, although this difference did not reach statistical significance. Growth rate, however, was significantly less in the hypoxemic lambs, a consequence of chronic hypoxemia previously described in this model (3) . Although aortic oxygen saturation was decreased by 24% in the hypoxemic lambs compared to the controls, hemoglobin concentration was increased, so that aortic oxygen content was decreased by only 14% (Table I) .
Heart weights. Total heart weight and right ventricular free wall weight were markedly increased (by 55% and 89%, respectively) in the hypoxemic lambs compared with the controls (Fig. 1) . Left ventricular free wall weight was identical to that in the controls, so that the right to left ventricular free wall weight ratio increased by 76%. f3-Adrenergic receptor density. During chronic hypoxemia P-receptor density (Be.) was decreased by 45% in the left ventricle (exposed to hypoxemia alone) but was unchanged in the right ventricle (exposed to hypoxemia and pressure overload) (Fig. 2 A) . ,8-Receptor ligand affinities (KD) for both right and left ventricles were unchanged from control (Fig. 2 B) . Saturation binding isotherms showing the mean derived specific binding for both hypoxemic and control lambs are shown in Fig. 3 A. The decreased fl-adrenergic receptor density of the hypoxemic left ventricle is readily apparent from the difference in maximal height of the two curves. A Scatchard plot of the same data is shown in Fig. 3 Effect of chronic hypoxemia on total heart weight and right and left ventricular free wall weights. To correct for differencesin animal sizes, heart weights are expressed as a percentage of total body weight. (*P < 0.05 by two-tailed Mann-Whitney test). 70 Bernstein et al. Adenylate cyclase activity. In the left ventricles of the hypoxemic lambs maximal isoproterenol stimulated adenylate cyclase activity was decreased by 39% (Fig. 4 A) , whereas sodium fluoride and forskolin activities were not different from control. The EC50 for isoproterenol stimulation of adenylate cyclase was 9.6±5.1 X lo0 in the hypoxemic lambs and 4.8±2.0 X lo0 in the controls (NS by the Mann-Whitney test). In contrast, in the right ventricles of the hypoxemic lambs, maximal isoproterenol, sodium fluoride and forskolin stimulated adenylate cyclase activities were all not significantly different from control (Fig. 4 B) .
Catecholamines and thyroid hormones. Plasma levels of epinephrine were increased nearly fourfold in the hypoxemic lambs whereas norepinephrine levels were not significantly different from control (Fig. 5) . Left ventricular tissue levels of norepinephrine, expressed either per mg of tissue or per total left ventricular free wall, were not significantly different from control (Fig. 5) . Serum levels of T3 and free T4 in the hypoxemic lambs were also not different from control (Fig. 6) . has been shown to be altered during various acute and chronic hemodynamic derangements, such as congestive heart failure (9, 10), pressure overload hypertrophy ( farction (32, 33) , and after cardiac denervation (30) . The current study demonstrates a down-regulation ofthe left ventricular fl-adrenergic receptor/adenylate cyclase system in the newborn lamb with chronic hypoxemia secondary to an intracardiac right-to-left shunt. Despite a 45% decrease in left ventricular f-receptor density, fi-receptor-ligand affinity and the distribution between high-and low-affinity binding sites were unchanged. These data in the newborn lamb are consistent with the results ofprevious studies during chronic alveolar hypoxemia in adult animals of lower species. Exposure of rats to a simulated altitude of 4,250 m for 5 wk resulted in a decrease in f-receptor density, no change in affinity, and a decrease in isoproterenol-stimulated adenylate cyclase activity (13) . Exposure ofguinea pigs to a slightly higher altitude (6,000 m) resulted in a decrease in f-receptor density with an increase in affinity (14) . In a third study, however, rats exposed to 10% oxygen for 4 wk showed no significant change in myocardial fl-receptor density ( 15 The physiologic significance of the fl-receptor down-regulation we have described may be attenuated either by the presence of spare receptors (35) or the potential for amplification within the guanyl nucleotide stimulatory protein-adenylate cyclase system (36) . Down-regulation of the fl-receptor/adenylate cyclase system may be associated only with decreased cell surface receptor density (homologous desensitization) (37), or with a generalized refractoriness to stimulation of adenylate cyclase activity (heterologous desensitization) (38, 39) . In the present study, the decrease in left ventricular fl-receptor density was associated with a comparable decrease in isoproterenol-stimulated adenylate cyclase activity. However, direct stimulation of adenylate cyclase activity by sodium fluoride or forskolin was not different from control. The response to these agents, which stimulate adenylate cyclase activity independent ofthe fl-adrenergic receptor, suggests that the down-regulation produced by chronic hypoxemia is one of homologous desensitization and that the activity of the guanyl nucleotide stimulatory protein is not significantly altered during chronic hypoxemia. Although the agonist-response curve was shifted slightly to the right during chronic hypoxemia, this difference did not reach statistical significance, suggesting the absence of a significant attenuation by spare fi-adrenergic receptors.
This study also demonstrates that chronic hypoxemia secondary to an intracardiac right-to-left shunt is associated with a persistent increase in sympathetic stimulation. This increase in sympathetic activity is mediated by an increased level of circulating epinephrine. There is, however, no evidence for a chronic increase in neural stimulation, as determined by the absence of an alteration in myocardial norepinephrine stores (17) . The increase in circulating catecholamines in the hypoxemic lambs is consistent with previous studies during both acute (21, 40) and chronic hypoxemia (4, 21) . The down-regulating effect of increased circulating catecholamines on the myocardial fl-adrenergic receptor has been previously well documented (6, 41, 42) and we hypothesize this as a potential mechanism for the down-regulation in our lambs. Conversely, alterations in thyroid hormone status, which have been shown to affect fl-receptor density in the newborn (43), were not a factor in the present study. Although several studies have described hypothyroidism in chronically hypoxemic newborns (22, 23, 44) , others, including the present study, have failed to confirm these findings (45) . An additional mechanism which could have accounted for the decrease in sarcolemmal fl-receptor density would be an alteration in the intracellular processing of the fl-receptor after ligand interaction, leading to an increase in the fraction of internalized receptors. The relative contribution of this potential mechanism, which would be opposite to that which occurs during myocardial ischemia (33) 
